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Abstrat
We disuss the ompatiation of type IIB supergravity with uxes to generate a
potential for the moduli. In partiular we resolve an apparent onit with the no-go
theorem for de Sitter spae. It is shown that a positive potential for ertain moduli is
possible in situations where the volume modulus has no ritial point. We also point out
that the derivation of the potential is stritly valid only for a trivial warp fator. To go
beyond that seems to require the inlusion of all the Kaluza-Klein exitations. We end
with a disussion of the stabilization of the volume modulus.
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I. INTRODUCTION
There has been muh ativity sine the mid eighties on ompatifying string theory on
Rii-at manifolds in the presene of internal uxes. The main reason for this is that
many of the moduli may be stabilized by potentials generated by suh uxes. The rst
attempt at moduli (atually the dilaton) stabilization using uxes was the paper of Dine et
al [1℄. More reently moduli potentials from uxes have been disussed in a large number
of papers. (Some reent papers are [2℄[3℄[4℄[5℄[6℄[7℄[8℄[9℄[10℄[11℄). Also it had been observed
[12℄[13℄[14℄[15℄[16℄ that the onditions for obtaining supersymmetri solutions in (3 or 4
dimensional) spae time required that some of the moduli of the ompatiations of M
theory and F theory had to be xed.
Perhaps the most interesting work in this diretion is that of Giddings, Kahru and
Polhinski (GKP)[10℄. These authors took type IIB string theory ompatied on a Calabi-
Yau manifold in the presene of D3 branes and orientifold 3-planes. (GKP also onsidered F-
theory ompatiations but we will not onsider those here although we expet the general
onlusions to hold there too). They argued that in this theory the potential is positive
denite and is of the no-sale type. They found that the dilaton may be stabilized at weak
oupling and that all the omplex struture moduli would also be stabilized. In eet, we
seem to have a weak oupling stabilization of the dilaton and other moduli, ontrary to the
expetation that moduli stabilization requires string non-perturbative eets.
At rst sight a positive potential would seem to be in onit with the no-go theorem
for getting de Sitter spae [17℄ [18℄[19℄. To larify the problem we rst look at the ase
of ompatiation with uxes but without loal soures suh as D-branes and orientifold
planes. We argue that the ansatz that goes into the proof of the no-go theorem is too
restritive. With a more general ansatz (suh generalizations have been also onsidered
independently in several papers, for example [20℄[21℄ [22℄, in the ontext of osmologial
solutions) whih allows the volume modulus to be time dependent, we see that when there
is no ritial point for this modulus a positive potential (for the other moduli) an be
obtained.
Next we examine in detail the GKP proposal with D3 branes and orientifold 3-planes.
Given the negative tension branes one an now have a onformally Rii at internal spae
with non-zero ux. However within the stati ansatz for the metri that is used by GKP
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(and all other investigators in the eld) we show that there is no onsistent way of getting
the potential.
In order to ompute the potential we put (4-spae) time dependene into the internal
metri ansatz. The relevant equations are then orreted by aeleration terms for the
moduli (as well as veloity terms for all moduli whih an be set be set to zero at a given
time by hoie of initial onditions). The essential point is that there is no ritial point for
the volume modulus so it annot be integrated out as is (in eet) done in the disussion of
the no-go theorem. One an then reover the potential derived in [4, 10℄. However the ten
dimensional equations of motion shows that this is onsistent only when the warp fator is
onstant and the ombination of uxes whih appears in the potential is onstant. To remove
this restrition one needs to inlude Kaluza-Klein (KK) exitations in the ansatz. We rst
look at the ase of the KK exitations of the volume modulus and enounter a puzzle. If one
integrates out these modes then one appears to get a negative denite potential! We argue
that this is due to the restrited nature of the KK ansatz and that a resolution requires the
inlusion of all the KK exitations. We argue that onsisteny requires one to integrate out
the omplex struture moduli and the dilaton along with the KK modes so that one is left
with supergravity oupled to the volume modulus with zero potential. We onlude with
some omments on attempts to stabilize all moduli.
II. COMPACTIFICATION WITH FLUXES AND THE NO-GO THEOREM
Let us onsider a D dimensional ation for gravity oupled to a q = p+2 form ux. (Our
metri and urvature onventions are the same as in GKP).
S =
∫
dDX
√
g{R− 1
2.q!
FM1...MqF
M1...Mq}. (1)
The ux F an be regarded as being dependent on some parameter (eld whose kineti
term we ignore). For instane in the type IIB ase this ould be the ombination of the RR
and the NS 3-form uxes G3 = F3 − τH3 where τ is the axion-dilaton eld.
The Einstein equation is
RMN − 1
2
gMNR =
1
2
TMN . (2)
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In trae-reversed form it is
RMN =
1
2
(TMN − 1
8
gMNT
P
P ). (3)
The stress tensor is omputed from
TMN = − 2√|g|
δSm
δgMN
where Sm is the ation minus the urvature term.
From the above ation we have
RMN =
1
2q!
(qFMM2...MqF
.M2...Mq
N −
1
2
gMN
2q − 2
D − 2F
2). (4)
Now we wish to ompatify the above theory on some d dimensional ompat manifold.
We may do this by writing the metri in blok diagonal form up to a warp fator Ω,
i.e.
ds2 = Ω2(y)(g¯µν(x)dx
µdxν + g¯mn(y)dy
mdyn). (5)
In the above we've taken the oordinates on the ompatiation manifold to be ym;m =
1, ..., d and the oordinates of the D− d dimensional manifold to be xµ;µ = 0, ..., D− d− 1.
Let us now take the projetion of (4) onto the D-d manifold using the metri (5). We
will also take the uxes to be non-zero only in the internal diretions i.e. FµM2,,,Mq =
0, Fm1...mq(y) 6= 0, assuming that q ≤ d. Then using standard formulas for onformal
transformations we have,
R¯µν(x)− 1
D − 2Ω
−D+2∇¯2yΩD−2g¯µν(x) = −
1
2
g¯µν(x)Ω(y)
−2q+22q − 2
D − 2
1
2q!
Fm1...mqF
m1...mq . (6)
Now the eetive D − d dimensional trae reversed Einstein equation for gravity (with
metri g¯) oupled to salar elds with a potential V (setting Kineti terms to zero by taking
the elds to be onstant) is
R¯µν(x) =
g¯µν
D − d− 2V (7)
Multiplying (6) by ΩD−2(this is the fator of Omega oming from the ten dimensional
ation) and integrating over the ompat internal manifold and omparing with the above
we get the eetive potential,
4
V = −D − d− 2
2
2q − 2
D − 2
1
2q!
∫ √
g¯(y)ΩD−2qFm1...mqFm1...mq/
∫ √
g¯(y)ΩD−2. (8)
As we will disuss in detail later, this is the potential for the parameters suh as τ and the
internal omponents of the metri provided that the determinant of the internal metri is
xed at a ritial point i.e. has eased to move. Note that the denominator in this expression
has to be well-dened if a four dimensional redution is to exist. It is (up to numerial
onstants) essentially the four dimensional Plank sale. An immediate onsequene of this
expression is that if, as is the ase for physially relevant ases,
(D−d−2)(q−1)
D−2 is positive, the
potential generated by internal uxes is negative denite.
Several points should be emphasized here.
1. The sign of the potential is opposite to what one might have expeted if one
diretly tried to redue the D dimensional ation to D-d dimensions assuming
an internal manifold of vanishing Rii urvature. The point is that the Rii
urvature in the D dimensional metri annot be assumed to be zero. That
would ontradit the projetion to the internal manifold of the D dimensional
Einstein equation (4). The internal ux gives positive Rii urvature to the
internal manifold and so it an at best only be onformally Rii at.
2. The result does not depend on any assumptions about the g¯mn(y) metri, for
instane that it is (onformally) Rii at. The point is that Ω in the above
expression needs to be determined from the internal spae projetion of the
D dimensional Einstein equation. Thus one needs some assumption about the
geometry of the internal spae. We will disuss later the onditions under whih
one an assume that g¯ or a onformally related metri is Rii at.
3. Observation 1. is not new. In one form or the other it has been known sine the
days of the earliest ux indued ompatiations suh as that of Freund and
Rubin [23℄ ( see also [24℄). It is in fat an aspet of the so-alled no-go theorem
for getting de Sitter spae from ompatied higher dimensional supergravity
rst derived in [17℄ (see also [18℄[19℄). In other words what we seem to have
shown is that if the higher dimensional theory obeys the strong energy ondition
(R00 ≥ 0 in every frame) then the ompatied theory also obeys this ondition.
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It is worth elaborating on point 2 above sine there are some potentially onfusing issues
assoiated with it. For onreteness, and also beause it is the ase that is relevant to
the string theory related disussions of many papers involving ux ompatiations in the
literature, we will speialize to the ase of D = 10, d = 6.
As mentioned in point 2 above, the internal manifold an only be onformally Rii at
at best. First we ask whether the internal metri g¯mn an be made Rii at, i.e. R¯mn = 0.
If so we have from the internal spae projetion of (4) (traed over the internal spae)
R(6) = −40e−2ω∂pω∂pω − 14e−2ω∇¯2ω = q + 3
8q!
F 2q
where e2ω = Ω. Let us integrate this over the internal manifold after multiplying by e2ω.
Then the seond term (on the left hand side of the seond equality) vanishes beause the
manifold is ompat and we then have a ontradition sine the LHS is negative denite
while the RHS is positive denite. The only solution is zero ux and onstant warp fator.
Of ourse we do not need the middle equation here to ompute the eetive ation. The
point of giving it is to show that the assumption of Rii-atness for the metri g¯mn is not
ompatible with non-zero ux.
Substituting this and the expression for R(4) in the barred metri, in the ten dimensional
ation we get the eetive ation in 4D,
S =
∫ √
g¯(4)d4x
[(∫ √
g¯(6)d6ye8ω
)
R¯(4)(x) +
q − 1
8q!
∫ √
g¯(6)e(10−2q)ωF 2q
]
.
So we have a potential in agreement with (8) as of ourse it should. The point of the
exerise was to emphasize that the alulation had nothing to do with the assumption of
Rii-atness of the internal metri whih indeed is invalid in this ase.
To highlight the latter issue let us now require Rii atness not in the metri g¯mn as
above but in the metri g˜mn = e
4ω g¯mn . In other words we now write the 10D metri as
ds2 = gMNdx
MdxN = e2ω(y)g¯µν(x) + e
−2ω(y)g˜mn(y)dy
mdyn. (9)
This is in fat the form of the used by GKP [10℄. Let ask whether the assumed Rii
atness of the tilde metri is ompatible with non-zero ux. The equation for the internal
urvature now beomes,
R(6) = −8∂mω∂mω + 6e+2ω∇˜2ω = q + 3
8q!
F 2q . (10)
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where we have put R˜mn = 0. Let us now multiply the above by e
−2ω
and integrate to get,∫ √
g˜(6)d6ye−2ωR(6) = −8
∫ √
g˜(6)d6ye−2ω∂mω∂
mω =
q + 3
8q!
∫ √
g˜(6)d6ye−2ωF 2q .
Thus we see that if one imposes Rii atness on the metri g˜mn then this makes the
expression for the integrated internal urvature negative denite while the ux makes it
positive denite. Thus again onsisteny requires vanishing ux and onstant warp fator.
In order to understand better what is going on we need to onsider a more general metri
ansatz that allows us to take into aount the 4-spae-time dependene of the moduli elds.
To this end we write
ds2 = gµν(x, y)dx
µdxν + gmn(x, y)dy
mdyn.
Computing the Riemann tensor for this metri and ontrating we have the following
results:
Rµν = R
(4)
µν − 14gpiσgrm∂rgpiσ∂mgµν + 12gpmgρλ∂mgρν∂pgλµ
−1
4
gpmgrn∂νgmr∂µgnp −12∇(6)p (gpm∂mgµν)− 12∇(4)ν (∂µ ln g(6)) (11)
gmnRmn = R
(6) − 1
4
gρµ∂ρ ln g
(6)∂µ ln g
(6)
−1
4
gpiσgρλgmn∂mgρσ∂ngλpi −12gpiσ∇pi∂σ ln g(6) − 12gmn∇(6)n ∂m ln g(4). (12)
Rµn =
1
2
gpiλ∇(4)pi ∂ngλµ − ∂n∂µ ln
√
g(4) +1
4
gpiλgrp∂rgpiλ∂µgpn −1
4
gpiσgrp∂pgµpi∂σgrn
1
2
∇(6)p gpm∂µgmn − ∂n∂µ ln
√
g(6) +1
2
∂ρ ln
√
g(6)gρν∂ngνσ −1
4
gpm∂ρgmng
ρν∂pgνµ (13)
In the above the supersripts (4), (6) denote the fat that the orresponding quantities are
restrited respetively to the external 4-spae-time and the internal 6-spae. It is important
to note that the seond time derivative of the internal metri volume fator ( but of no other
internal metri omponent) appears in these two equations. Hene we see that equation
(10) is in fat a seond order (in time) dierential equation for g6 - the determinant of the
internal metri, of the form,
−1
2
gpiσ∇pi∂σ ln g(6) + ... = −R(6) + 1
4
gpiσgρλgmn∂mgρσ∂ngλpi +
1
2
gmn∇(6)n ∂m ln g(4) +
q + 3
8q!
F 2q .
The ellipses denote terms whih are rst order in 4 spae-time derivatives. The left hand
side is then the fore ating on the determinant of the internal metri. Integrating over the
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internal manifold, we see that if the (integrated) internal urvature salar R6 is positive then
there is a ritial point for the volume modulus of the 6 dimensional spae. This would be
the ase when for instane the internal manifold is a sphere (as in the Freund-Rubin ase).
However if the internal manifold is onformal to a ompat Rii at manifold then as in
(10) the rst three terms on the RHS of the above equation are replaed by positive denite
terms plus a term whih integrates to zero on a ompat manifold (in the tilde metri) and
there is no ritial point. Of ourse a sphere is onformally at but the orresponding at
spae is non-ompat Eulidean spae and so there is no ontradition. In fat the proof
of the absene of a ritial point will not be valid for manifolds whih have a metri that is
onformal to a non-ompat Rii-at manifold.
For future referene let us introdue some additional notation. First we put
gmn = e
2ω(y)−2u(x)g˜mn(x, y) (14)
where we take the tilde metri to be suh that ∂µg˜
(6) = 0. So u(x) is the four dimensional
eld whih ontrols the volume of the internal spae - the volume modulus. ω(y) on the
other hand is a warp fator whih is atually dened by writing the four dimensional metri
as
gµν(x, y) = e
2ω(y)−6u(x)g˜µν(x).
The dependene on u in the above is determined by requiring that this modulus does not
mix with the 4D graviton. Thus our nal form for the metri is
ds2 = e2ω(y)−6u(x)g˜µν(x)dx
µdxν + e−2ω(y)+2u(x)g˜mn(x, y)dy
mdyn (15)
with ∂µ det g˜mn = 0. Then we may rewrite (11,12) as follows:
Rµν = R˜
(4)
µν −e4ω(y)−4u(x)∇˜2yω(y)g˜µν + 3∇˜2xu(x)g˜µν + ... (16)
gmnRmn = e
2ω(y)−2u(x)R˜(6) −8e2ω(y)−2u(x)g˜mn∂mω∂nω + 6e2ω(y)−2u(x)∇˜2yω(y)
−6e−2ω(y)+6u(x)∇˜2xu(x) + ... (17)
Again the ellipses represent terms involving rst order derivatives in 4-spae-time. It is
important to note that the seond time derivatives of the volume modulus u(x) enters into
the expression for (11) and that no other seond time derivative term of the internal metri
enters there. What this means is that the expression for the potential obtained earlier by
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trae reversing the ten dimensional equation and projeting the 4-spae-time omponents
make sense only when the volume modulus is stabilized. This would be the ase when we
ompatify on a sphere for instane, but for an internal manifold that is onformal to a
ompat Rii-at manifold the volume modulus annot be stabilized.
We also note for future referene that sine Rµν ∼ 3∇˜2xu(x)g˜µν , g˜λσRλσg˜µν ∼
12∇˜2xu(x)g˜µν , gmnRmng˜µν ∼ −6∇˜2xu(x)g˜µν the 4-spae-time projetion of the Einstein equa-
tion in its original form i.e.
Rµν − 1
2
gµνg
λσRλσ =
1
2
Tµν +
1
2
gµνg
mnRmn, (18)
has no seond time derivatives of the moduli. Indeed the u dependent onformal fator in
gµν(x, y) was designed to ahieve this. Thus one may read o the eetive potential diretly
from this equation as being the term independent of spae-time derivatives - after integrating
over the internal manifold. What one nds for the above ase of ompatiation with uxes
is that if the manifold has positive urvature in the original metri, then the potential is
of indenite sign (the uxes giving a positive denite term and the internal urvature a
negative denite term) and there is a ritial point for the volume modulus. Let us express
the above equation in terms of the metri ansatz (15)
∫
d6y
√
g˜(6)e−4ω(y)(R˜µν − 1
2
g˜µν g˜
λσR˜λσ) = −12 g˜µν
∫
d(6)ye−4ω(y)
(
1
2q!
Fm1...mqF
m1...mq + 8e2ω−2ug˜mn∂mω∂nω −R˜(6)e2ω−2u) +...
Where the ellipses denote kineti terms. Clearly if R˜6)is negative or zero, the potential is
positive denite, but now there is no ritial point for the volume modulus as an be seen
learly from the equation for the internal urvature whih now an equation of motion for u.
6e2ω(y)−2u(x)∇˜2yω(y) −6e−2ω(y)+6u(x)∇˜2xu(x) + ... =
q + 3
8q!
e−2q(ω−u)(Fm1...mqF˜
m1...mq
+8e2ω(y)−2u(x)g˜mn∂mω∂nω −e2ω(y)−2u(x)R˜(6)
So integrating over the internal manifold (after multiplying by e−2ω ) we see that if
R˜(6) ≤ 0, the left hand side annot vanish, meaning that there is no ritial point for the
potential for u(x).
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III. TYPE IIB WITH FLUXES AND LOCAL SOURCES
Let us now look at the work of GKP [10℄ where the ompatiation of low energy
type IIB string theory was onsidered. In this work it was argued that in order to obtain
a at spae solution one needs to introdue negative tension soures, or introdue an F-
theory ompatiation with dilaton gradients and seven branes. This was essential in order
to evade the above mentioned no-go theorem [17℄[18℄[19℄. Nevertheless in alulating the
potential the authors just dimensionally redued the ux term in the ten dimensional ation
and got a positive denite potential. However as we've seen above, the eetive potential in
4 dimensions oming just from the uxes is in fat negative denite if the volume modulus
an be stabilized. It is preisely this that prevents one from getting 4 dimensional de Sitter
spae starting from a higher dimensional (greater than 6D) ation. On the other hand as
has been shown by several authors there exists a at 4D supersymmetri solution solution
with uxes and one might wonder whether these an be obtained as the minimum of a
four dimensional potential with the all Kaluza-Klein (KK) modes integrated out. In the
following we will disuss the ondition under whih this is possible along the lines of the
previous setion.
Two aveats are in order here:
• We fous on the D3/O3 brane ase of GKP and ignore the F-theory onstrution. It
is expeted that this gives a similar result.
• All our arguments ignore the eet of higher derivative terms - as in GKP.
The type IIB ation in Einstein frame is (with 2κ210 = 1 )
S =
∫
d10X
√−g{R− 1
2τ 2I
∂Mτ∂
Mτ − 1
2.3!τI
GMNPG
MNP − 1
4.5!
F˜MNPQRF˜
MNPQR}
+
1
4i
∫
C4 ∧G3 ∧ G¯3
τI
.
In the above τ = C0 + ie
−φ, G3 = F3 − τH3, with F3 = dC2 and H3 = dB2. Also
F˜5 = F5 − 12C2 ∧H3 + 12B2 ∧ F3 with the self-duality ondition F˜5 = ∗F˜5 being imposed by
hand at the level of the equations of motion.
In addition there is the ation for the D3 branes and orientifold 3-planes in Einstein frame
Sloc =
∑
i
(
−
∫
i
d4xT3
√
|g(4)|+ µ3
∫
i
C4
)
.
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Here the integrals are taken over the 4D non-ompat spae at a point i in the internal
manifold and T3 = µ3 > 0 (< 0) for a D-brane (orientifold plane).
The other equations (Bianhi identities) are
dF˜5 = H3 ∧ F3 −
∑
i
µi3δ
i
6 (19)
dG3 = −dτ ∧H3
dΛ = 0, Λ ≡ e4ω ∗6 G3 − iαG3.
F5 = F5
The self-duality of the ve form is satised by the following ansatz,
F˜5 =
1
4!
(1 + ∗)
√
g¯4(x)dα(x, y) ∧ dx0 ∧ ... ∧ dx3 (20)
where α(x, y) is a salar funtion. In addition the three form uxes are taken to be
non-zero only in the internal diretions and are independent of x . i.e
Gmnp 6= 0, GµNP = 0 ∂xG = 0. (21)
First we will use the stati ansatz (9) for the metri. Then the external and (the trae
of) the internal omponents of (3) give the following:
R¯µν − e4ω(y)∇˜2ωg¯µν(x) = −gµν(x)
[
GmnpG¯
mnp
48τI
+
e−8ω
4
∂pα∂
pα + Tloc
]
(22)
R(6) = e2ωR˜(6) −8∂mω∂mω + 6e2ω∇˜2ω (23)
=
GmpqG¯
mpq
8τI
+ e−8ω∂mα∂
mα + 6Tloc
In the above we have dened Tloc =
1
4
∑
i T3
δ6(y−yi)√
g6
. As in the disussion leading to (8)
we an multiply (22) by e−4ω and integrate over the internal spae to identify the potential.
This tells us that both ux terms give negative denite ontributions to the potential while
a positive term an only ome from negative tension terms.
Using 20) and (21) in the Bianhi identity (19), we also have
∇˜2α = i
12τI
e2ωGmnp ∗6 G¯mnp + 2e−6ω∂mα∂me4ω + e2ω
∑
i
µ3
δ(6)(y − yi)√
g(6)
. (24)
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Using this to eliminate the loal term from (22) after using T3 = µ3 , we have
− R¯(4) + ∇˜2(e4ω − α) = e
2ω
24τI
|iG3 − ∗6G3|2 + e−6ω|∂(e4ω − α)|2. (25)
This equation is essentially equation (2.30) of GKP exept that we have not set the 4D
urvature to zero. Integrating this over the ompat manifold now tells us that irrespetive
of the existene of negative tension the 4D urvature is negative denite, implying that the
potential is negative denite exept at its extremum (maximum) where it is zero. The prob-
lem again is that the ansatz (9) is too restritive. While it an be used to draw onlusions
about the stati solutions (in partiular that to get at spae in four dimensions and to have
a Rii at tilde metri in six one needs the net tension of the loal soures to be negative)
it annot be used to alulate the potential unless the potential for the volume modulus has
a ritial point.
Let us now re-derive these equations by using the more general ansatz (15) so that the
time dependene of the moduli is expliit. First we note that our ansatz for the uxes gives
Tµn = 0 so the orresponding Einstein equation is Rµn = 0. We now write
g˜mn(x, y) = g˜mn(y) + zi(x)φ
i
mn(y) + ...
where the φimn are zero modes of the six dimensional Laplaian and the ellipses represent
non-zero modes. Thus the zi are all other moduli apart from the volume modulus and the
requirement that the volume modulus has been fatored out implies that to linearized order
in the zi gives the φ
′s should be traeless. Then from (13) we have
∂pω(y)(2∂µu(x)δ
p
n + ∂µzi(x)g˜
rpφirn) + ... = 0 (26)
where the ellipses represent higher KK modes whih have been set to zero in our urrent
ansatz.
The Bianhi identity now takes the form
∇˜2α = i
12τI
e8ω−4u ˜Gmnp ∗6 G¯mnp + 8 ˜∂mα∂mω + e8ω−4u∑
i
µ3
δ(6)(y − yi)√
g˜(6)
(27)
In addition there is also a onstraint similar to (26)
(dxu+ g˜
mndxg˜mn)dyα + dxdyα = 0 (28)
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Inserting (11)(12) with R˜(6) = 0, in (18) and using (27) to eliminate the loal soure term
in Tµν , we get
R˜µν − 1
2
R˜(4)g˜µν = −14 g˜µν [ e
2ω
12τI
|iG3 − ∗6G3|2 + e−4ω−8u ˜∂m(α− e4ω)2 (29)
+e−8u(∇˜2(α− e4ω) + e−4ω∂me4ω∂m(α− e4ω))] + ... (30)
Also as before, the ellipses represent terms whih are rst order in 4-spae-time and we
stress that there are no seond order in time derivatives of the moduli in this equation.
We observe now that the LHS of this equation is y independent so that the same must
be true of the RHS. Thus the measure that we hoose to integrate this equation over the
internal manifold is ambiguous up to purely y dependent fators. However by substituting
the metri ansatz (15) into the ten dimensional ation it would appear that the natural
measure is e−4ω
√
g˜(6) . The above equation then takes the form
R˜µν − 1
2
R˜(4)g˜µν = 8piGNT
(4)
µν
where 1/16piGN =
∫
e−4ω
√
g˜6) and T (4)µν = −V g˜µν + ... where the four dimensional potential
may be identied as
V =
∫
d6y
√
g˜(6)
1
2
e−4ω
[
e8ω−12u
12τI
˜|iG3 − ∗6G3|2 + e−4ω−8u ˜∂p(α− e4ω)2
]
This is learly positive denite and indeed it is tempting to x the warp fator by setting
e4ω = α + const. (this relation was imposed ab initio in [11℄ in their otherwise similar
derivation of this ation) thus giving us the desired potential of [4℄[10℄. Let us now ount
the number of equations and the number of 6 dimensional elds that we have in the above
equation. The two equations after (19) determine the (omplex) ux G3 . Given the soures
(whose total harge is determined in terms of the uxes by the integrated Bianhi identity)
the loal form (24) maybe thought of as determining α . The above relation then xes ω.
We will now see that it is in fat required for onsisteny.
The eetive four dimensional ation that may be dedued from the above is
S =
∫
d4x
√
g˜(4)[R˜4 − 24g˜µν∂µu∂νu− 1
4
g˜µν∂µz
i∂νz
i − V ]
The equation of motion for the modulus u is then
6∇˜2xu(x) = ∂uV
=
∫
d6y
√
g˜(6) e−4ω
[
−e
8ω−12u
2τI
˜|iG3 − ∗6G3|2 − 4e−4ω−8u ˜(∂p(α− e4ω))2
]
(31)
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This equation should be onsistent with that diretly obtained from the ten dimensional
equation by using (12) in the trae over the internal spae of (3) putting R˜(6) = 0 and using
the Bianhi identity (27) with T3 = µ3 . Thus we get,
−6∇˜2xu(x) =
e8ω−12u
16τI
˜|iG3 − ∗6G3|2+e−4ω−8u[ ˜(∂mα)2+2 ˜(∂me4ω)2−3 ˜∂mα∂me4ω]−3
2
e−8u∇˜2y(e4ω−α).
(32)
integrating over the internal spae with the same measure as before we have a disrepany
with (31) unless e4ω = α + const . In this ase
V =
∫
d6y
√
g˜(6)
e4ω−12u
24τI
˜|iG3 − ∗6G3|2 (33)
− 6∇˜2xu(x) =
e8ω−12u
16τI
˜|iG3 − ∗6G3|2, (34)
and there is no ritial point for the potential for the volume modulus, whih is then
runaway as long as the ux is not imaginary self dual (ISD) (i.e. does not satisfy iG3 =
∗6G3). As shown in [4℄[10℄ the above potential an be written in the four dimensional N =1
supergravity form
with a superpotential W = − ∫ Ω ∧ G3 and a Kahler potential K = − ln[−i(τ − τ¯ )] −
3 ln[−i(ρ− ρ¯)]− ln
(
−i ∫ Ω ∧ Ω¯) where Ω is the holomorphi three form on the Calabi-Yau
spae, and where Di is the Kahler ovariant derivative and K
ij¯
is the inverse Kahler metri.
This then is the resolution of the puzzle that we unovered regarding the derivation of
the potential. However equation (34) still highlights a problem. The point is that the LHS
is independent of y and therefore also the RHS. This seems rather restritive. In fat we've
already seen a related problem. It omes from the onstraints (26)(28 ) and the above
relation between α and ω, whih tell us that away from the ISD point (where the moduli
will have spae-time dependene) the only solution for the warp fator is the trivial one i.e
∂mω = 0. This implies that away from the extremum of the potential we annot onsistently
set the KK modes to zero unless the warp fator is trivial.
To see this in more detail let us hoose a more general metri ansatz to replae (15). As a
rst attempt let us just replae u(x) by u(x, y) and also keep the general (x, y) dependene
of the metri g˜mn . Then the restrition to onstant ω, oming from (26)(28) will no longer
apply. We an now work out again the equations of motion using (11)(12). The ansatz for
the ve-form is modied as follows.
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F˜5 =
1
4!
(1 + ∗)
√
g˜4(x)dα(x, y) ∧ dx0 ∧ ... ∧ dx3
This amounts to the replaement of α by e−12u(x,y)α and of ourse leads to the same
equations as before for u independent of y . In the more general ase the Bianhi identity
(27) is replaed by
∇˜2α = i
12τI
e8ω−16u ˜Gmnp ∗6 G¯mnp+ g˜mn(8∂mω−16∂mu)∂nα+e8ω−16u∑
i
µ3
δ(6)(y − yi)√
g˜(6)
(35)
and we also have again (28).
After a straightforward though tedious alulation the eetive ation inluding these
KK modes an be obtained after using the above to eliminate the loal soure term and
imposing
∂mα = ∂me
4ω(y)−12u(x,y)
(36)
Note that this is the same as the previous onstraint exept sine we have redened a.
The ation then beomes
1
16piGN
∫ √
g˜(4)R˜(4) +
∫
d4x
√
g˜(4)
∫
d6y
√
g˜(6)e−4ω(y) [−24g˜µν∂µu(x, y)∂νu(x, y)
−1
4
g˜pmg˜rng˜µν∂µg˜mr(x, y)∂ν g˜np(x, y) − ∫ d4x√g˜(4)V [u, g˜mn]
with
V [u, g˜mn] =
∫ √
g˜(6)d6y
[
e4ω(y)−12u(x,y)
24τI
˜|iG3 − ∗6G3|2 − 80e−8u ˜(∂mu(x, y))2
]
(37)
The question then is the interpretation of the KK exitations of u(x, y) sine they appear
to give a dangerous negative denite ontribution to the potential. In fat observe that now
there is a ritial point for the volume modulus and its KK exitations) and they an be
integrated out and we would again get the negative potential puzzle that we pointed out
after (25).
To larify what goes wrong let us onsider Kaluza-Klein ompatiation in the absene
of uxes. Let us take the metri ansatz:
ds2 = e−6u(x,y)g˜µν(x)dx
µdxν + e2u(x,y)g˜mn(y)dy
mdyn (38)
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The internal metri g˜mn is dened by requiring ∂µ det[g˜mn] = 0 and the prefator in
the four dimensional metri is put there as before to eliminate mixing between the dimen-
sional graviton (and its KK tower) and the onformal mode of the internal spae u(x, y)
i.e.
√
ggµν =
√
g˜(4)
√
g˜(6)g˜µν . To ompute the eetive ation for u we may ignore the x
dependene of u and g˜mn and use standard formulas for onformal transformations. (The
alulation may be done without this assumption by using (11)(12) but is then muh more
tedious). We then have the ation
∫ √
gR =
∫ √
g˜(4)(x)
√
g˜(6)(y)[R˜(x)(4)−24g˜µν∂µu(x, y)∂νu(x, y)+e−8u(R˜(6)+8g˜mn∂mu∂nu)]
(39)
The problem is that this appears to give a negative potential for the onformal fator
u independently of the sign of the urvature sine one an go to a high enough Kaluza-
Klein exitation to make the seond term dominate over the rst. In fat this eet will
persist for all physially interesting ompatiations and appears to imply that all suh
ompatiations are unstable. To resolve this let us analyze the linearized equations around
a at bakground say R4 × T 6 . (This line of investigation was suggested to the author by
Gary Horowitz). The equations of motion for pure (10 dimensional) gravity are at linearized
order,
−1
2
∇2hMN + 1
2
(∂M∂
LhNL + ∂N∂
LhML − ∂M∂NhLL) = 0,
where we have written the D dimensional metri as gMN = ηMN + hMN . The equations are
learly gauge invariant under the transformations
hMN → hMN + ∂MξN + ∂MξN .
The point is that even though the ompatiation breaks the original dieomorphism
invariane to that appropriate to the produt spae, the transformations indued on the
elds by the original ten dimensional dieomorphims still remain invarianes of the ation.
Now starting from some arbitrary onguration hMN we an always go to a gauge (the so-
alled harmoni gauge) in whih ∂LhML − 12∂MhLL = 0. (This is done by hoosing ξM =
∇−2(∂LhML − 12∂MhLL) in terms of the original onguration). In this gauge the equations
of motion redue to ∇2hMN = ∇2xhMN +∇2yhMN = 0. Expanding in modes on the internal
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spae ∇2y → −m2r and we have ∇2xh(r)MN −m2rh(r)MN = 0 , whih means that all the KK modes
of the gravity setor are non-tahyoni. On the other hand the linearized equations oming
from (39) are (after writing g˜µν(x) = ηµν + h˜µν(x) ,
−1
2
∇2xh˜µν +
1
2
(∂µ∂
λh˜νλ + ∂ν∂
λh˜µλ − ∂µ∂ν h˜λλ) = 0
−3∇2xu(x, y) +∇2yu(x, y) = 0
and the seond equation appears to tell us that there is a whole KK tower of tahyons.
However instead of deriving the equations from the ation (39) let us substitute the metri
ansatz (38) into the ten-dimensional equations of motion. From the equation Rµν− 12Rgµν =
0, (i.e. the four-spae projetion of the ten-dimensional equation) we have,
−1
2
∇2xh˜µν(x) +
1
2
(∂µ∂
λh˜νλ(x) + ∂ν∂
λh˜µλ(x)− ∂µ∂νh˜λλ(x))− 4∇2yu(x, y)ηµν = 0
What we have from the ation is in fat the version of this that is integrated over the in-
ternal manifold. However the above equation implies, sine the ansatz has the 4 dimensional
metri g˜µν independent of y, that all the KK exitations of u are all zero! In fat in order
to have a onsistent set of linearized equations one needs to keep all the KK exitations.
For instane it is not enough to remedy the situation by hanging the ansatz to inlude the
KK exitations of the four metri (i.e. replae gµν(x) → gµν(x, y) ). One needs to inlude
also the o diagonal terms gmν(x, y). Otherwise the orresponding equation of motion be-
omes a onstraint on the other elds. In that ase we have the full gauge invariane of the
ten dimensional theory and as argued earlier all the KK modes will have positive squared
masses.
The same then is true for the alulation with the uxes. It is inonsistent just to have
kept the KK exitations of the volume modulus u. Indeed the upshot of our investigation is
that the when one takes into aount all the ten dimensional equations a non-trivial warp
fator requires one to inlude all the KK modes. This means in partiular that in addition to
the desired term in (33) there are terms suh as the seond term in (37) but with a positive
sign. Thus there will be no ritial point for the volume modulus as in the ase where we
ignored the KK exitations. The problem however is that it is not possible to set the KK
exitations to zero without at the same time requiring that the warp fator be trivial. In
other words stritly speaking the derivation of the potential (33) is valid only for a trivial
warp fator while if one insists that it be non-trivial (as would be the ase in the presene
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of loal soures) one needs to keep also the innite towers of KK exitations. When one
integrates out the KK modes, for onsisteny one would have to integrate out the dilaton
and the omplex struture moduli as well, and one is then onstrained to be at the point
where the potential is zero.
IV. CONCLUSIONS
Our analysis shows that for a non-trivial warp fator there is no meaningful way of
deriving a potential just for the moduli. The onsistent redution to four dimensional
massless modes leads (ignoring the gauge setor) to a theory of four dimensional supergravity
oupled to the volume modulus with no potential,
S =
∫
d4x
√
g
[
R− 3∂µρ∂µρ
ρ− ρ¯
]
(40)
where ρ = a + ie4u(x). This is of ourse a perfetly aeptable supergravity and the
orresponding superpotential for ρ an in fat be a onstant sine given the form of the
Kahler potential
K(ρ¯,ρ¯) = −3 ln[−i(ρ− ρ¯)] (41)
a vanishing potential is onsistent with a onstant superpotential. The latter would
be ertainly given by the expression W =
∫
G3 ∧ Ω at the minimum (see disussion after
(33)) when the warp fator is trivial. On the other hand for non-trivial warp fator, one
annot set the KK modes to zero and it is not immediately lear that one an obtain this
expression. There is a general argument in [25℄ that uses the fat that on rossing a BPS
domain wall, the superpotential hanges by the tension of the wall, to show that this hange
is given by the hange in the above expression for W . But this still leaves an undetermined
arbitrary onstant. (The fat that the real part of ρ is an axion whih has a shift symmetry
implies that W must be independent of ρ to all orders in perturbation theory). However
as pointed out to the author by S. Kahru, if suh a onstant is present, it is there even
in the large radius limit, and would break supersymmetry in violation of the onditions for
supersymmetry in the ten dimensional theory given in [12℄[13℄[14℄[15℄. Thus we would have
to onlude that the expression for the superpotential at the minimum is unhanged even
in the ase of non-trivial warping.
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The upshot is that after integrating out the the KK modes and the omplex struture
moduli one is left with (N =1) supegravity oupled to one modulus eld namely the size
of the internal spae, and a non-zero superpotential whose natural value is O(1) in string
units. These moduli and the dilaton are determined by the uxes that are turned on. They
are of ourse quantized and therefore the hoies are disrete but nevertheless there is a
very large (perhaps innite) number of hoies, sine there is no physial priniple that tells
us that one ux onguration is preferable to another. Of ourse the main ahievement of
these ux ompatiations is that there are no massless elds orresponding to the omplex
struture moduli. In this respet ompatiations with uxes are similar to non-geometri
ompatiations suh as asymmetri orbifolds. In these there are no geometri moduli but
the dilaton is still a massless eld.
The xing of the volume modulus (or in the ase of non-geometri ompatiations - the
dilaton) and the breaking of supersymmetry an now be done in the standard way - namely
by gaugino ondensation in the gauge theory on the branes. Thus with multiple ondensates
one has the so-alled raetrak models [26℄ with superpotentials whih are exponentials of
the (eld dependent) eetive gauge oupling f = τ0 + αρ where τ0 is the (xed) value of
the dilaton and the ρ depenene omes from threshold eets with α a model dependent
onstant (we ignore the dependene on the other moduli sine they are also xed like the
dilaton) . Together with the arbitrary onstant mentioned above, one would then have a
superpotential of the form
W = W0 +
∑
i
Aie
ibiρ,
where bi are beta funtion oeients and the Ai are alulable prefators of the orre-
sponding instanton alulation. Atually suh non-perturbatively generated superpotentials
should in some sense be dual to the ones generated by the uxes as in the non-ompat ase
disussed by Dijkgraaf and Vafa (work in progress with R. Brustein and E. Novak). Thus
it should be possible to generate the entire superpotential above from one point of view or
the other. Sine so far we do not have a omplete understanding of this we will ontent
ourselves with the above presription.
With more than two ondensates one should in priniple be able to get small SUSY
breaking and a small osmologial onstant, though a onrete example has not yet been
found. An alternative method of stabilization of the volume modulus is the so-alled Kahler
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stabilization, where one may use the quantum orretions to K to get a ritial point even
with one ondensate and no onstant [27℄. However in the absene of an adjustable onstant
it is very diult to see how one an get a small positive osmologial onstant in either
mehanism.
The disussion above is similar in spirit to that in [28℄, but is dierent in one respet.
The mehanism for the stabilization and SUSY breaking that we propose is the standard
one used many times in the literature to stabilize the dilaton, exept that here it is used to
stabilize the volume modulus, whereas in [28℄ SUSY is broken by inluding a D¯ brane whih
breaks SUSY expliitly. Of ourse in either ase to get a phenomenologially viable result
one needs to ne tune W0 and Ai, and sine these are in priniple alulable the question of
whether suh a result an atually be obtained is still open. Finally we observe that from a
osmologial point of view the problem with the steep potentials that ome from the above
superpotential (with small or zero W0) is not so muh the possibility of quantum tunneling
from a deS minimum but the lassial overshoot problem of [29℄.
In summary our onlusions are as follows.
• Compatiation with uxes of type IIB string theory on a Calabi-Yau orientifold leads
to a four dimensional theory where all omplex struture moduli exept the volume
modulus is xed, with the possibility of the dilaton being xed at some weak oupling
value. The onit between the no-go theorem and the existene of a positive potential
gets resolved, sine in these theories the volume modulus is not stabilized lassially
and has a runaway potential as long as the other moduli are not at the minimum of
the potential.
• When the warp fator is trivial there is an unambiguous derivation of the potential
for the omplex struture moduli. However this ase would be relevant only if one an
assume that the D-branes are in some sense smeared over the Calbi-Yau spae. One
might imagine this to be the ase if ρ is suh that the ompatiation sale is only
slightly greater than the string sale. In general the warp fator will be non-trivial
and then there is no lear derivation of the potential, sine the KK modes annot be
set to zero without making the moduli spae time independent. In other words the
four dimensional theory would ontain the innite set of KK modes as well and setting
them to zero would require the moduli to be xed at values where the potential is zero.
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This ould then just as well have been derived diretly from the observation that the
ondition for getting a Killing spinor in the presene of uxes implies that the omplex
struture moduli and the dilaton have xed values [12℄[13℄[14℄[15℄[16℄.
• What one has in four dimensions is supergravity oupled to the (omplex) volume
modulus eld ρ with zero potential and supersymmetry broken by a onstant superpo-
tential. One an then invoke non-perturbative eets (namely gaugino ondensation)
to get a potential for this modulus.
• The potentials that one gets in suh models suer from the overshoot problem of [29℄.
In other words for this modulus to settle down in the lassially stable loal minimum
suh as the one disussed in [28℄, requires ne tuning of initial onditions. The only
way that we know of avoiding this is a situation in whih when the innite set of non-
perturbative orretions are properly taken into aount, the moduli are stabilized
in the region where the sizes of extra dimensions are xed at the string sale. This
possibility and the orresponding osmology are disussed in [30℄,[31℄.
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